ABSTRACT: Using a combination of complementary in situ X-ray photoelectron spectroscopy and X-ray diffraction, we study the fundamental mechanisms underlying the chemical vapor deposition (CVD) of hexagonal boron nitride (h-BN) on polycrystalline Cu. The nucleation and growth of h-BN layers is found to occur isothermally, i.e., at constant elevated temperature, on the Cu surface during exposure to borazine. A Cu lattice expansion during borazine exposure and B precipitation from Cu upon cooling highlight that B is incorporated into the Cu bulk, i.e., that growth is not just surface-mediated. On this basis we suggest that B is taken up in the Cu catalyst while N is not (by relative amounts), indicating element-specific feeding mechanisms including the bulk of the catalyst. We further show that oxygen intercalation readily occurs under as-grown h-BN during ambient air exposure, as is common in further processing, and that this negatively affects the stability of h-BN on the catalyst. For extended air exposure Cu oxidation is observed, and upon re-heating in vacuum an oxygen-mediated disintegration of the h-BN film via volatile boron oxides occurs. Importantly, this disintegration is catalyst mediated, i.e., occurs at the catalyst/h-BN interface and depends on the level of oxygen fed to this interface. In turn, however, deliberate feeding of oxygen during h-BN deposition can positively affect control over film morphology. We discuss the implications of these observations in the context of corrosion protection and relate them to challenges in process integration and heterostructure CVD.
■ INTRODUCTION
The development of controllable and scalable growth, processing, and interfacing techniques remains the largest challenge in realizing the application potential of twodimensional (2D) materials. 1, 2 Chemical vapor deposition (CVD) has emerged as the most viable route for high-quality graphene synthesis, and a lot of progress has also been made in developing CVD processes for other 2D materials, such as hexagonal boron nitride (h-BN) 1, 2 and related 2D heterostructures. 3−11 Essential to the development of process rationales for 2D material CVD is an understanding of the underlying growth mechanisms, 12−14 in particular the role of typically used process catalysts. While graphene CVD relies on the interactions of carbon with the surface, sub-surface, and bulk of the catalyst, 12, 15, 16 the growth mechanisms for compound 2D materials such as h-BN are inherently more complex, as two elements need to be fed and incorporated into the growing nanostructure and bond polarity can affect the structural formation. 1, 2 There is typically a range of poly-types for compound materials, and hence selective growth becomes increasingly challenging. 1, 2 Monolayer and few-layer h-BN has received considerable attention recently, reflecting an ever increasing demand for ultrathin dielectric, support, or barrier layers in electronics, photonics, and many other applications. 17−19 While progress has been made in synthesizing h-BN on several catalyst metals, 5,9,20−39 the focus has remained limited to catalyst surface pre-treatment and tuning of precursors and/or exposure conditions. 5,9,20−39 Further progress and, for instance, control of layer texture, grain structure, and number of layers require a more detailed understanding, in particular of the basic interactions of B and N with the catalyst. The interaction of h-BN with the catalyst also affects h-BN transfer and an increasing number of applications, such as oxidation barriers and corrosion protection, that utilize h-BN as-grown on top of the catalyst metal. 40 Unlike bulk h-BN which is typically thermally and chemically very stable, the use of few-layer h-BN as a high-temperature oxidation barrier on Ni, Cu, and stainless steel has recently highlighted 40 that the stability and maximum possible temperatures of these ultrathin films are critically linked to their support and environment.
Here, using a combination of in situ X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) during actual synthesis conditions, we fingerprint the entire h-BN CVD growth process on polycrystalline Cu using borazine, (HBNH) 3 , as the precursor. We focus on the important questions of how the precursor and constituent B and N as well as the as-grown h-BN interact with the catalyst during and after growth. Polycrystalline Cu foil catalysts are currently most widely used for graphene CVD, motivated by the rationale that the low carbon solubility of Cu offers a relatively error-tolerant growth window for monolayer graphene formation via a mainly Cu surface-based mechanism. 12, 41 Based on the ease of processing, polycrystalline Cu foils are now also used for h-BN CVD. 5,20−26 Our data show that, at the typically used growth temperatures, the borazine molecule decomposes and B incorporates into the bulk of the Cu catalyst. During h-BN growth the Cu is in the metallic face-centered-cubic (fcc) phase; whereby, we can measure a lattice dilation due to the dissolved B. Upon post-growth cooling we observe precipitation of B from the fcc Cu. Compared to graphene CVD, the role of the surface, sub-surface, and bulk of the catalyst is more complex, considering that N has a considerably lower solubility in Cu 42, 43 and its incorporation into the Cu bulk is not detected. We invoke a comparison to catalytically mediated III−V nanowire growth, i.e., the CVD of 1D nanomaterials, where the growth kinetics crucially depend on the different solubilities of the group III and V constituents in the catalyst and where atomically sharp and controlled heterostructures can be grown despite a comparably high bulk solubility of the group III element. 44, 45 We further show that after h-BN CVD and during commonly used further processing of h-BN on the Cu catalyst in ambient air, oxygen intercalation readily occurs under as-grown h-BN and negatively affects the stability of h-BN on the catalyst. For extended air exposure Cu oxidation is observed, and upon reheating in vacuum an oxygen-mediated disintegration of the h-BN film via volatile boron oxides occurs. Of key importance is that this disintegration is catalyst mediated, i.e., occurs at the catalyst/h-BN interface and depends on the level of oxygen present at this interface. In turn, however, we demonstrate that pre-and co-exposure with oxygen species can be used to influence h-BN growth morphologies. We discuss the implications of these observations in the context of corrosion protection 40, 46 and relate them to challenges for process integration and heterostructure growth.
■ RESULTS
We adopt a simple CVD process, and Figure 1 outlines the nomenclature for the process steps that will be used throughout this study. CVD of h-BN was performed at ∼950−1000°C in customized cold-wall CVD reactors 12,14 using borazine, (HBNH) 3 , as precursor on commercially available cold-rolled polycrystalline Cu foils as catalyst (see Methods). Figure 2 highlights via various ex situ characterization techniques, the representative h-BN film quality for the CVD recipe used throughout this study. Transmission electron microscopy images at high magnification show a hexagonal lattice structure (Figure 2a) , and selected area diffraction (Figure 2b) shows the typical hexagonal spot pattern of h-BN, confirming the high crystalline quality at the microscopic level. 47 Figure 2c shows an optical microscopy image of a continuous h-BN film transferred to a SiO 2 (300 nm)/Si wafer. The image shows large areas of uniform contrast indicating the macroscopic uniformity of the h-BN films along with specs of residual Polymethylmethacrylate (PMMA) typically seen for such transferred films. The PMMA contamination toward the edge of the layer helps to guide the eye to distinguish the film from the substrate in spite of the low optical contrast of h-BN placed on SiO 2 (300 nm)/Si wafer support. 22, 48 Raman spectra (Figure 2d ) taken on the transferred h-BN film on SiO 2 (300 nm)/Si (see Figure 2c) show a single peak at ∼1368 cm −1 consistent with the signature for h-BN. 21,24,25,48−50 The corresponding ex situ XPS core-level signatures [i.e., post ambient air exposure (step 7, Figure 1) ] acquired on the h-BN films on Cu show in the B1s region a main component at ∼190.6 eV (Figure 2e , inset additionally shows the π bond shake up satellite at 200 eV) and in the N1s region a main component at ∼398.1 eV (Figure 2f ). From the intensities we estimate a B:N ratio of ∼1, again consistent with h-BN. We also note that our measured binding energies (BEs) are consistent with previous XPS characterization studies of h-BN. 20,23,24,51−53 Further additional fitted components are seen in the ex situ XPS spectra at B1s ∼191.1, 191.9 eV and in the N1s at ∼398.6, 399.3 eV, respectively, and we will discuss the assignment of these peaks in the sections below. Figure 3a and Figure S1 in the Supporting Information show post-growth (step 7, Figure 1 ) scanning electron microscopy (SEM) images of as-grown h-BN on polycrystalline Cu foil for ∼5, 15, and 30 min of borazine exposure. While the SEM contrast mechanisms of such 2D materials supported on metallic foils/films is still an area of active research, in Figures 3a and S1 the h-BN appears darker than the uncovered Cu. Figure 3a and S1 highlight that a typical h-BN CVD film grows via multiple nucleation points within each facet of the polycrystalline Cu foil (see Figure S1 ) which then expand as isolated h-BN domains and eventually merge to form a continuous polycrystalline h-BN film. In contrast to graphene, 12 the isolated h-BN domains often adopt more strict geometrical shapes (Figure 3a , 300 s and Figure S1a ), such as triangles or other simple polygons, due to the bond polarity and related larger energetic differences between different edge terminations. 20−22 Longer exposures lead here to the formation of more irregular-shaped domains (Figure 3a , 900 s), which eventually cover the entire Cu surface, as indirectly confirmed by the wrinkles in the resulting h-BN film (Figure 3a , 1800 s, and Figure S1c ). Analogous to graphene, 12,14 extended exposure times also lead here to the nucleation of further h-BN layers, i.e., multilayer formation via secondary nucleation, 5,20−26 as highlighted by the darker contrast regions (Figure 3a , 1800 s). Atomic force microscopy (AFM) with step heights measured on the edges of such a h-BN film transferred to SiO 2 (300 nm)/Si wafer (see Supporting Information, Figure  S2 ) indeed confirms the growth of few-layer h-BN films for extended (∼30 min) exposure times under our experimental conditions. Having confirmed the growth of atomically thin h-BN (monolayer islands for short exposures; full-coverage fewlayer films for longer exposure times) under the given CVD conditions we now turn to study the growth process using in situ experiments. Figure 3b ,c shows CVD process-resolved XPS B1s and N1s core-level signatures measured in situ at steps 2−7 (Figure 1 ), respectively. To simplify assignments, we refer to pairs of B1s/ N1s components for B−N compound species while giving separate respective B1s and N1s BEs for other species. During annealing in H 2 (step 2) the flat lines in the respective B1s and N1s spectra (Figure 3b,c) indicate a clean Cu surface as baseline for the subsequent borazine exposure. The timeresolved B1s spectra during borazine exposure (inset in Figure  3b , step 4) show that upon borazine introduction a broad peak in the B1s spectra emerges after ∼290 s. This is consistent with the time scale of the nucleation and growth of h-BN domains observed ex situ by SEM (Figure 3a ). At ∼880 s the broad B1s peak can be resolved into two components, which are also reflected in the matching N1s scans with BE pairings of ∼191.1/398.6 eV and ∼190.6/398.1 eV. Around this exposure time the islands have grown in size but have not coalesced yet ( Figure 3a) . For continued exposures (up to 2270 s) the component at ∼190.6/398.1 eV starts to dominate the spectrum, while the ∼191.1/398.6 eV peak strongly decreases in relative intensity. Concurrently, the ex situ SEM now shows coalescence of the islands into a closed few-layer h-BN film.
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The measured 190.6/398.1 eV component is consistent with formation of h-BN. 20, 23, 24, 52, 53 The 191.1/398.6 eV component could be attributed to cubic boron nitride (c-BN), 53−55 but is also consistent with a slightly higher BE of monolayer h-BN (as compared to few-layer h-BN at 190.6/398.1 eV). 40 We exclude significant homogeneous c-BN formation based on the ex situ characterization of our films ( Figure 2 ) and also based on the observation of a π bond shake-up satellite at ∼200 eV in the B1s spectra (see inset of Figure 2e ). 54 Therefore, we interpret the observed initial emergence of the two peaks at 190.6/398.1 and 191.1/398.6 eV at equal intensities followed by domination of the spectrum by the 190.6/398.1 eV component for extended exposure times as evidence for isothermal growth of monolayer h-BN that interacts with the Cu substrate (191.1/ 398.6 eV) and some fraction of multilayer h-BN nuclei (190.6/ 398.1 eV), where the initial monolayer domains further evolve to multilayers with extended exposure time (hence the decrease of 191.1/398.6 eV contribution relative to the 190.6/398.1 eV peaks). We suggest that the observed peak shift between 191.1/ 398.6 and 190.6/398.1 eV is caused by interactions of h-BN with the Cu substrate, 23, 56, 57 similar to monolayer graphene i.e., charge transfer between the substrate and the growing 2D material. 12, 58 In turn this interaction is not present for multilayer h-BN, where the top layer (which contributes most significantly to the XPS signal) is supported by the other h-BN layers and thus shows the BE at 190.6/398.1 eV. 58 Further evidence for this interpretation of h-BN/Cu interactions for monolayer h-BN is provided below.
In addition to the assignment of the monolayer h-BN (191.1/398.6 eV) and multilayer h-BN (190.6/398.1 eV) XPS components, we note that, due to the overlap of BE positions for multiple species, part of the signal at 191.1/398.6 eV may also be assigned to local cubic-like sp 3 bonding arrangements 54, 55, 59 at h-BN island edges or defects. Also such a cubiclike sp 3 contribution from nuclei edges would similarly decrease in relative intensity with exposure time as the islands increase in area and therefore exhibit a decreasing fraction of signal from edges. Our ex situ characterization however excludes significant cubic-like BN contributions.
Besides the 191.1/398.6 and 190.6/398.1 eV components, we also observe small XPS fitted components at ∼191.9/399.3 and ∼189.8/397.5 eV. We note that borazine is known to dissociate on metal catalyst surfaces at the given growth temperature, 60 meaning that these remaining unassigned B−Nrelated components during growth cannot be ascribed to adsorption of intact borazine molecules on the catalyst surface. Instead we find that the 191.9/399.3 eV component also emerges when we sputter ex situ grown h-BN on Cu post air exposure (see Supporting Information, Figure S3 ). As sputtering is known to induce defects and dangling bonds, we assign the very small components at B1s/N1s ∼191.9/399.3 eV to h-BN defect species saturated with residual oxygen. Similarly, we also assign the ∼189.8/397.5 eV components to defects in the h-BN. 61 Our observations so far indicate isothermal growth of h-BN on Cu with initial monolayer nucleation (which then evolve toward few-layer h-BN) with a small amount of defects incorporated in the h-BN films (lattice, edges, grain boundaries). Such an isothermal growth scenario is consistent with ultra-high vacuum (UHV)/single crystal studies, where the precursor pressure however remained below the threshold for multilayer nucleation.
9,34−38
The in situ XPS B1s and N1s fingerprints of growing h-BN are preserved upon removal of borazine at temperature (step 5, Figure 1 ), but interestingly one small additional component emerges upon cooling of the sample in vacuum in the B1s at ∼188.1 eV (step 6, Figure 1 ). This BE is known to correspond to atomic B diffused to the catalyst surface or sub-surface. 60, 62 This assignment of atomic B (non-nitrogen bonded) is also corroborated by the lack of a concurrently emerging N1s component upon cooling, as well as by the disappearance of the 188.1 eV signal upon subsequent air exposure, since atomic boron is known to quickly oxidize in ambient air and desorb as highly volatile boron oxides. 63 The emergence of atomic B on the catalyst surface upon cooling strongly implies B precipitation from the catalyst bulk and in turn suggests dissolution of B in the polycrystalline Cu subsurface/bulk during the high-temperature borazine exposure.
To confirm this B dissolution, we employ in situ XRD to characterize the crystalline structure of the catalyst bulk during CVD. Figure 4a shows XRD patterns recorded during CVD, starting with as loaded Cu catalyst (before step 1, Figure 1 ), after H 2 anneal (step 3, Figure 1 ), during borazine exposure (step 4, Figure 1 ), and after ambient air exposure (step 7, Figure 1 ). The growing h-BN layers are not seen in the XRD patterns due to the setup geometry/sensitivity used here (see methods). From the XRD patterns we observe metallic fcc Cu as the state of the catalyst bulk during the entire growth process. Importantly, no (non-equilibrium) boride or borate phases are observed. Rietveld refinement of the patterns in Figure 4a reveals that when borazine is introduced the Cu lattice constant expands by ∼0.0006 Å (Figure 4b ) compared to a vacuum baseline. This lattice expansion is indicative of interstitial uptake of a borazine-derived component into the Cu Figure S1 . (b,c) In situ XPS confirming isothermal h-BN growth on Cu: in situ CVD process-resolved XPS B1s (b) and N1s (c) core-level scans at ∼975°C before (step 3), during (step 4), and after borazine exposure (step 5), after cooling (step 6), and after air exposure (step7). lattice. We note that this lattice constant change remains after borazine exposure with the sample still at temperature (step 5, Figure 1 ). In order to get some indication of the nature of the dissolving species, we characterized by XRD the Cu catalyst exposed to ammonia (NH 3 , i.e., a nitrogen and hydrogen source without B) instead of borazine under similar pressures. For this ammonia exposure, no expansion in the Cu lattice constant is found. As ammonia is known to dissociate on Cu in this temperature regime, 64, 65 our data imply that N and H uptake is not responsible for the increase in the Cu lattice constant, and instead B is dissolved into the Cu during growth. Therefore, our combined XPS and XRD data suggest that the h-BN growth mechanism on Cu is not limited to a pure surface mechanism as previously suggested. 52 Rather our data indicate element-specific feeding mechanisms including the bulk of the catalyst. We suggest that B is taken up in the Cu catalyst while N is not (by relative amounts), which is also in agreement with thermodynamic phase diagrams. 42, 43, 66 We will further discuss the implications of this observation below.
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Returning to the XPS data in Figure 3b ,c, we find that after extended air exposure the N1s spectra show an additional small component at ∼400.5 eV that does not have a B1s counterpart and is attributed to the formation of N−O bonds. 63, 67 Further details on the effect of oxygen exposure of samples is provided below. We note that the final in situ XPS fingerprint after air exposure (step 7) in Figure 3b ,c resembles our X-ray photoelectron spectra of the ex situ grown few-layer h-BN in Figure 2e ,f which highlights the validity and relevance of our in situ measurements for scalable high-quality h-BN growth under realistic process conditions.
In addition to following the evolution of B and N species during h-BN CVD, in situ XPS also allows us (within its detection limits) to observe the surface chemistry of the Cu catalyst by simultaneously monitoring the Cu2p, CuLMM, O1s ( Figure 5 ), and valence band (Supporting Information, Figure  S4 ) regions. 12 We find that, before CVD, the as-loaded Cu foil surface is heavily oxidized due to storage and transportation in ambient air (before step 1). 12 Following an anneal (step 2) in H 2 the Cu surface is reduced to metallic Cu (step 3) and remains metallic during growth (step 4) and cooling postgrowth (step 6). This is in good agreement with the XRD data in Figure 4a that suggested the Cu bulk to be metallic during h-BN growth. Upon air exposure (step 7) the h-BN covered Cu surface oxidizes again. The oxidation of the Cu upon air exposure implies that the inherent polycrystallinity of CVD grown h-BN film provides diffusion pathways for species to reach the Cu/h-BN interface. This suggests that h-BN films asgrown on Cu per se are not as perfect oxidation barriers as recently reported. 40, 46 We emphasize here that the O1s and CuLMM are more sensitive to measure the oxidation of the Cu than the Cu2p. 12 The observation of oxidation upon air exposure is also consistent with the disappearance of the elemental B peak (desorbed as volatile Boron-oxides, Figure  3b ) and the formation of N−O bonds (Figure 3c ) upon air exposure.
To further probe this evolution of h-BN on Cu catalysts during ambient air exposure (step 7, Figure 1 ), we undertake complementary experiments with ex situ grown h-BN islands on Cu, for which the borazine exposure was limited to ∼5 min to obtain islands of monolayer h-BN. This significantly increases the direct contribution of the Cu/h-BN interface. We measure XPS on these ex situ grown h-BN islands on Cu exposed to ambient air for 4 days after CVD ( Figure 6 ). The asloaded sample shows a B1s peak centered at ∼190.6 eV and a N1s peak centered at ∼398.1 eV, and the O1s and CuLMM peaks indicate an oxidized Cu surface. 12 The BEs of the B1s and N1s peaks are surprising, as we established above that monolayer h-BN should exhibit a BE of 191.1/398.6 eV. Interestingly, however, upon annealing the sample in vacuum (10 −6 mbar) we observe a shift of the XPS peak centers to the expected positions for monolayer h-BN, i.e., the B1s to ∼191.1 eV and N1s to ∼398.6 eV. Concurrently, we see a reduction of the Cu in the O1s and CuLMM spectra during vacuum annealing and the appearance of a defect related component at 191.9/399.3 eV. In turn, after cooling and upon subsequent This behavior, where changes in the XPS BEs of h-BN are linked to reversible support oxidation/reduction cycles, closely resembles previous observations of oxygen intercalation phenomena under graphene on metals. 12,68−71 To the best of our knowledge oxygen intercalation has not been reported yet for h-BN on metals, but previous studies of Au intercalated under h-BN on Ru, 72 Ni, 73 and hydrogen intercalated under h-BN on Rh 74 showed XPS peak shifts consistent with our interpretation. Therefore, our data strongly suggest that air exposure of h-BN on Cu leads to oxygen intercalation under the h-BN, i.e., at the h-BN/Cu interface. In this intercalated state monolayer h-BN has a XPS fingerprint of 190.6/398.1 eV, resembling the BE of few-layer h-BN but being different to the 191.1/398.6 eV measured in Figure 3b ,c for monolayer h-BN during growth directly on Cu. Upon vacuum annealing the . Re-heating of triangular h-BN nuclei on Cu in ∼10 −6 mbar vacuum, after sample was stored in ambient air for ∼4 days. In situ X-ray photoelectron spectra of (a) B1s, (b) N1s, (c) Cu Auger (LMM), and (d) O1s region of as-loaded sample, during subsequent heating in vacuum up to 650°C, post-cooling, and after re-exposure to air (from bottom to top). intercalated oxygen is de-intercalated and desorbed, and thus direct contact between h-BN and Cu is (re-)established albeit with a small number of defects introduced into the h-BN layer. The weak but nevertheless present electronic interaction of Cu and monolayer h-BN 23, 56, 57, 75, 76 leads to a small shift in the B1s/N1s BEs to 191.1/398.6 eV (same as during growth). Thus, our data in Figure 6 evidence the "decoupling" (upon air exposure) and "recoupling" (upon vacuum annealing) of monolayer h-BN and the Cu support. We emphasize here that coupling does not necessarily imply a strong interaction with the substrate. In the case of few-layer h-BN only the "decoupled" BEs 190.6/398.1 eV are observed, as for the top h-BN layers (which mainly contribute to the XPS signal) the interaction with the Cu support is screened by the h-BN layers below. 58 Therefore, in our in situ growth experiments in Figure  3b ,c where few-layer h-BN was eventually grown, no B1s/N1s peak shifts were observed upon air exposure.

While our data strongly suggest intercalation of oxygen, we however note that a second possible scenario could also explain the B1s/N1s peak shifts, where oxygen species decorate edges (which are present in large number for h-BN islands) or defect sites on top of the h-BN. 77 Oxygen in this scenario is not intercalated under the h-BN but rather adsorbed onto it and then removed by heating. We note that the already slightly back shifting B1s/N1s BEs during cooling in vacuum in Figure 6 could point to fast oxygen decoration of edge/defects sites from residual oxygen groups in the vacuum chamber accompanied by a small amount of degradation/defect generation in h-BN due to atmospheric contaminants. Thus, a combination of fast oxygen decoration of defects on top of h-BN and oxygen intercalation under h-BN at higher oxygen pressures is also conceivable as a combined source of the observed B1s/N1s BE shifts upon air exposure/vacuum annealing cycles.
Irrespective of the detailed configuration of the oxygen causing the B1s/N1s shifts, we find that the evolution upon vacuum-annealing of ex situ grown h-BN samples on Cu is highly dependent on their length of exposure to ambient air. In contrast to the short-term air-exposed monolayer sample in Figure 6 (4 days, termed "fresh" sample for the remainder of the text), Figure 7 shows B1s, N1s, and O1s XPS core-level signatures for an ex situ grown, full-coverage few-layer h-BN film on Cu foil stored in ambient air for ∼10 months (termed "aged" sample). The as-loaded B1s and N1s spectra show peaks corresponding to h-BN, and the O1s spectrum shows the presence of copper oxide species (Cu 2 O). For this "aged" sample, upon heating in vacuum (∼10 −6 mbar) to 500°C, the intensity of the B1s and N1s increases which is attributed to desorption of adsorbed atmospheric dirt. The B1s and N1s BEs remain consistent with few-layer h-BN as expected. Concurrently, the O1s spectrum shows the onset of reduction of the Cu 2 O and reaches a state that resembles a substoichiometric oxide or adsorbed O. 12 When the sample is further heated to 700°C all three spectra change drastically. The B1s and N1s peaks reduce dramatically in intensity, and the B1s shows predominantly features of boron oxide (B x O y ) species at >191.5 eV. 62, 67 This is accompanied by a corresponding increase in the O1s intensity, also indicating an increase in boron oxide species. This points toward oxygenmediated disintegration of the h-BN film on the Cu foil upon vacuum annealing, where the oxygen was fed from the Cu oxide underneath the h-BN. The formed boron oxides are largely volatile 63 resulting in loss of B and N into the gas phase. This is in stark contrast to the higher stability of the "fresh" h-BN islands in Figure 6 which under similar treatment only showed signs of minor degradation. We suggest that the higher degree of oxidation of the "aged" Cu foil provided a larger oxygen "reservoir" where instead of simple de-intercalation under the h-BN, catalytic oxygen-mediated etching of h-BN occurs (which in the case of the "fresh" h-BN on Cu is much milder due to the smaller oxygen reservoir in the less oxidized Cu).
To cross-check this hypothesis, we return to annealing similarly "fresh" h-BN islands as in Figure 6 but now anneal in the presence of 1 × 10 −4 mbar oxygen (Figure 8 ). These experimental conditions can be considered as heating the "fresh" h-BN sample in an infinite oxygen reservoir. Figure 8 shows that in the presence of oxygen the islands quickly disintegrate on heating (confirmed by SEM in the inset), similar to the "aged" h-BN film in Figure 7 . This confirms our assertion that when sufficient amounts of oxygen are provided (either from a heavily oxidized Cu as in the "aged" sample or via the gas phase as in Figure 8 ) h-BN on Cu is etched via a reaction with oxygen. We emphasize that control experiments with h-BN that was transferred to SiO 2 , i.e., removed from the Cu catalyst, did not lead to such a drastic disintegration during annealing in air up to 700°C. This highlights the role of the Cu catalyst in the proposed oxygen-mediated etching of h-BN.
Such catalytically mediated oxygen-based etching of h-BN is consistent with recent UHV-based reports of etching of h-BN on Ir 67 and Ru. 78 Having established that oxygen can have a drastic detrimental influence on the stability of h-BN on Cu during ambient air processing af ter CVD, we now study whether this impact of oxygen can also be used advantageously during h-BN growth to controllably influence h-BN characteristics by controlled etching. In analogy to graphene CVD 12, 79 we expect that oxygen feeding prior/during Borazine exposure will have an impact on nucleation 80 and might change the balance between growth and etching reactions, and thus strongly modify the resulting h-BN film morphologies. 81 Confirming this hypothesis, Figure 9a ,b demonstrates a reduction in nucleation density of h-BN on Cu by dosing 1 × 10 −4 mbar of air after annealing in hydrogen and before borazine exposure, i.e., between steps 2 and 4. In the case of air-dosing (Figure 9b ), the nucleation density is reduced by an order of magnitude compared to the standard oxygen-free growth conditions (Figure 9a ). The short exposure to air/oxygen after H 2 pre-treatment partly reoxidized the Cu surface, and subsequently, upon borazine exposure, boro-thermal reduction (see Figure 5c ) of these surface copper oxides to active metallic Cu (confirmed by XRD measurements) takes place, which significantly reduces catalyst activity and thus the resulting nucleation density. In Figure 9c we show the effect of co-exposure of air and borazine: codosing a small air partial pressure alongside the borazine changes the h-BN domain morphology toward an flower-like shape (Figure 9c ). We suggest that this change of growth morphology is due to increased selective etching reactions occurring concurrent with the growth reactions which might also contribute to a less defined h-BN termination. These observations introduce oxygen pre-treatment and co-feeding as highly relevant parameters toward optimizing h-BN CVD.
■ DISCUSSION
In order to put these results in context, we start by outlining the growth models introduced for graphene. Without going into the details of the specific chemistry for each catalyst material, graphene nucleation requires a certain carbon surface concentration which is fed by the precursor dissociation and can be balanced by carbon diffusion in to and out from the catalyst subsurface and bulk. 15 The growth kinetics thereby strongly depend on any possible phase changes of the catalyst surface/bulk, if the carbon incorporates from the catalyst surface or via the bulk, and how the graphene layer edges are anchored on the catalyst surface. 15 In the case of h-BN the growth mechanism is expected to be more complex than for graphene since a balance of two elements, B and N, are needed to form h-BN on the catalyst. While a stoichiometric balance can be introduced into the CVD reactor by selecting a precursor with a pre-defined stoichiometry (i.e., borazine in this case with a B:N = 1), the interaction of the constituent elements with the catalyst will dictate the actual supply of the elements during CVD. In this context, diffusion rates and solubility of B, N, or both into the catalyst sub-surface or bulk, metastable or stable boride/nitride formation, and the phase of the catalyst will critically affect the supply of the constituent elements. Further, the rate of supply of the constituent elements based on dissociation kinetics, impingement flux of the precursor on the catalyst surface, sticking coefficients, and any related change in interaction between the growing h-BN and the catalyst 82 need to be carefully considered. Figure 10a schematically puts forward key points of a kinetic growth model that we propose for h-BN CVD on the basis of a consistent interpretation of the experimental data. Our data show no signatures of adsorbed borazine molecules on Cu, indicating that at the given conditions borazine dissociates on the reduced Cu surface. We also observe a lattice expansion during borazine exposure which suggests uptake of Boron into the Cu bulk, in agreement with our conjectures from the XPS B1s data, where upon post-growth cooling we observe B precipitation from Cu. We further see no evidence of bulk nitrogen dissolution or surface nitrogen species in bonding configurations other than those related to BN compounds during exposure. Further, the Cu catalyst remains in its metallic state during the entire CVD process, and no borides or nitride phases are seen. These findings are consistent with Cu−B and Cu−N phase diagrams 42, 43, 66 as well as with previous UHV measurements of h-BN CVD on Rh and Ir 62, 83 catalysts and the general metallurgy literature.
84, 85 The simplified schematic of Figure 10a neglects a certain level of Cu sublimation under lowpressure CVD conditions, 12, 14 but this can be minimized 12, 14 or indeed might be significantly suppressed with h-BN coverage, and hence this complexity is not further discussed here.
The nucleation and growth of h-BN layers is found to occur isothermally, i.e., at a constant elevated temperature. Although a stoichiometrically balanced precursor is used, our data show that the boron and nitrogen supply routes for h-BN growth can be different. The boron dissolution could leave a nitrogen excess at the Cu surface which might be balanced by nitrogen desorption, as indicated in Figure 10a . Whereas boron can enter the growing h-BN either via the bulk or the catalyst surface, the nitrogen is fed only via the catalyst surface, and nitrogen desorption can lead to a situation where the h-BN growth is limited by the nitrogen supply. This is reminiscent of the situation for catalytic III−V nanowire growth, where the group V constituent typically has a low solubility in the conventionally used Au catalyst, and despite a high bulk solubility of the group III element atomically sharp heterostructures can be obtained. 44, 45 The focus of prior literature on h-BN CVD has been on the balance of gaseous precursors. Our data here highlight that, for further process optimization, it is crucial to consider and understand the catalyst-mediated flux balance as highlighted for Cu in Figure 10a .
Considering the growth of 2D multilayer films and heterostructures, the complexity of the kinetics of catalyst mediated flux balances increases for h-BN. Growth of h-BN multilayers can be seen analogous to graphene CVD, where additional layers nucleate and grow only in contact with the metal catalyst, i.e., at the interface between the catalyst and an existing graphene layer.
14, 86 The feeding of such additional layer will depend on the leakage rate of both (B,N) constituent species through an existing 2D layer.
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14 Further, for the growth of h-BN/graphene heterostructures via, e.g., sequential exposure to carbon and boron/nitrogen precursors, complex interactions can be expected not only for the catalytic precursor dissociation on the catalyst surface but also for the catalystmediated flux balances. Sutter et al. 9 have studied potential smear-out effects during h-BN-graphene heterostructures synthesis and reported techniques such a pulsed oxygen etch to address reservoir effects and improve the sharpness of transitions, albeit this has been very specific so far to the exposure sequence and catalyst material (Ru). We see our insights here as being highly relevant as a framework for the understanding and further optimization of a range of compound 2D materials and more complex CVD grown heterostructures.
The catalyst support is relevant not only to the CVD growth process but, as our data show, also to the post-growth stability of as-grown h-BN, which is crucial to post-growth processing and numerous applications. Practically all current use and processing of CVD grown h-BN involves some stage of ambient air exposure when the material is still on the catalyst. Figure 10b schematically summarizes the key points regarding catalyst-and oxygen-mediated thermal h-BN stability. We find that post growth ambient air exposure leads to intercalation of oxygen under h-BN on Cu. While oxygen can reach the interface through inherent defects in the h-BN layer (including point defects, 87−91 vacancy defects, 89, 92 Stone Wales defects, 89 or out-of-plane bonds 93 ) and domain boundaries, 89 even when the catalyst surface is completely covered with monolayer and few-layer h-BN, the rate of arrival at the interface is expected to reduce significantly with increasing number of h-BN layers.
94
This is analogous to what we showed for graphene, which "weakly" interacts with Cu. 12 For extended air exposure Cu oxidation is observed, and upon re-heating in vacuum an oxygen-mediated disintegration of the h-BN film occurs via volatile boron oxides. Important thereby is that this disintegration is catalyst mediated. i.e., occurs at the catalyst/ h-BN interface and depends on the catalyst and the level of oxygen fed to this interface (Figure 10b ). The remaining nitrogen leaves the Cu catalyst surface by forming N 2 . This mechanism is in conceptual agreement with UHV-based reports of h-BN etching on Ir 67 and Ru. 78 It is important to note that annealing of h-BN films transferred to a 300 nm SiO 2 /Si wafer support in air up to 700°C did not lead to such a drastic disintegration consistent with recent reports. 95 Hence our data highlight that key to the thermal stability are the catalyst interaction and the level of oxygen fed to the catalyst interface.
For few-layer and multilayer h-BN this means that the layer most likely to be etched is the one in contact with the catalyst as long as an oxygen leakage pathway is provided. We note that for certain catalysts, in particular Ni, which more strongly interact with the 2D layer on its surface, graphene 82, 96 has been shown to passivate the catalyst surface and prevent oxygen from reaching the catalyst/graphene interface. 97 This further highlights the importance of the catalyst interaction, and the resultant different levels of oxygen intercalation can explain previous reports in literature for instance on the stability of fewlayer h-BN on Cu being limited to 500°C compared to 1100°C
for Ni. 40 Combining the discussion of the h-BN growth kinetics (Figure 10a ) and thermal stability (Figure 10b) , it is obvious that the presence of oxygen during CVD can affect the h-BN formation in multiple ways. A more oxidized catalyst surface is likely to reduce the h-BN nucleation density, assuming a catalyst surface reduction is required. The presence of oxygen might also change the catalyst/h-BN interaction and change the B and N flux balance, hence affecting the shape of growing h-BN domains and their growth rate. This is fully consistent with our data in Figure 9 . Similar to graphene CVD, we note oxygen (co-)exposure should be considered an important aspect of the parameter space for h-BN CVD. 80 Although a detailed study of the effect of gaseous additions to the CVD atmosphere is beyond the scope of this paper, we emphasize that the insights provided here give a fundamental framework and highlight multiple avenues toward more advanced integrated growth and integration of h-BN and other related compound 2D materials.
■ CONCLUSIONS
In summary, we have used a combination of complementary in situ XPS and XRD during h-BN CVD to gain a fundamental understanding of the mechanisms underlying the growth of h-BN on polycrystalline Cu under scalable CVD conditions. h-BN was shown to grow isothermally on Cu during exposure to borazine at elevated temperature. The growth, however, is not limited to a surface-mediated growth mechanism as previously reported. Expansion of the Cu lattice during borazine exposure at high temperature and elemental B precipitation from Cu upon cooling confirm B incorporation into the bulk of the catalyst. Cu maintains its metallic state during h-BN CVD, and no additional boride or borate phases are seen. Our in situ insights into the mechanisms of h-BN growth provide guidelines for future rational CVD process engineering towards controlled h-BN film characteristics such as film quality, domain size, or number of layers. The element-specific mechanistic insights obtained here are highly relevant as a framework for the understanding and further optimization of a range of compound 2D materials and more complex CVDgrown heterostructures. After CVD, we find that exposure to ambient air leads to intercalation of oxygen under h-BN on Cu. The stability of h-BN following this air exposure is strongly dependent on the catalyst interaction and accumulated oxygen dose, where high oxygen levels lead to drastic catalytically mediated h-BN etching and h-BN disintegration on Cu upon processing at elevated temperatures. In turn, however, these etching effects could potentially open new routes to control the growth morphology of h-BN when oxygen is pre-dosed or cofed under controlled conditions during h-BN CVD. Large-scale processing schemes for h-BN integration and processes involving growth of in-plane/out-of-plane h-BN/2D material heterostructures 4−11 will have to carefully consider these findings in terms of allowable levels of oxygen exposure during (re-)processing and suggested use of h-BN as high-temperature passivation layers. 40 
■ METHODS
CVD of h-BN using borazine ((HBNH) 3 , Fluorochem, UK) as precursor was performed in customized in situ compatible cold-wall CVD reactors 12,14 on cold-rolled polycrystalline Cu foils (Alfa Aesar, 25 μm thick, 99.999% purity) at ∼950−1000°C and at P borazine ≈ 1 × 10 −4 −5 × 10 −3 mbar for 5−30 min. Typical base pressures were ∼10 −6 mbar for all ex situ and in situ chambers. Borazine vapor was introduced into the reaction chambers via leak valves from liquid borazine reservoirs. The CVD process commonly consisted of a H 2 pre-treatment step (∼0.2 mbar), followed by pump-down to base pressure, and then the precursor was introduced to initiate h-BN growth. After a pre-defined growth time the borazine precursor was removed, followed by pump-down to base pressure and cooling in vacuum. Figure 1 summaries the salient steps during the h-BN CVD process. For experiments with air pre-dosing, the dosing was performed after H 2 annealing, i.e., between steps 2 and 3 in Figure 1 . The ISISS end station of FHI MPG at the BESSY II synchrotron was used for in situ XPS measurements. Further details on the experimental setup/measurements can be found elsewhere. 12, 98 In situ XRD (θ−2θ geometry) was performed at the BM20 beamline (Rossendorf beamline) of the European Synchrotron Radiation Facility (ESRF) in a cold-wall stainless steel reactor mounted on a high-precision six-circle goniometer. 12 The Kapton windows of the reaction chamber allow transmission of X-rays at different scattering geometries. A monochromatic X-ray beam of 11.5 keV (corresponding wavelength of 1.078 Å) was used, and the diffracted X-rays were measured with a 1D line detector (Mythen). Cu powder (Alfa Aesar, <5 μm, 99.9% purity) pressed into a thick granular film onto a sapphire wafer was used as the model system since the high degree of texture in cold rolled Cu foils prevented reliable measurement of the powder diffraction geometry. 12 A boron nitridecoated graphite resistive heating element (Boralectric) was used to heat the sample inside the chamber. 12 The sample was clamped down with alumina spacers, and the temperature was measured with a thermocouple in contact with the sapphire substrate. 12 Gases were fed via computer-controlled mass flow controllers and the borazine via a manual leak valve. Quantitative lattice parameters were derived by Rietveld refinement using X'Pert Plus and file 64699 (fcc Cu) from the Inorganic Crystal Structure Database (ICSD).
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Scanning electron microscopy (SEM, Carl Zeiss SIGMA VP, 1−2 kV) and Raman spectroscopy (Renishaw in-Via 532 nm laser) after transfer, using a PMMA support layer as described in detail elsewhere, 14, 99, 100 were used to characterize h-BN growth. We note that the presented SEM images are representative of measurements across several macroscopically separated points on the samples. An FEI Titan 80-300 ETEM equipped with a monochromator at the electron gun and a spherical aberration (C s )-corrector for the objective lens was used for acquiring TEM images. Samples are heated for 1 h at 350°C in a vacuum prior to imaging. Images were acquired at 80 kV, energy spread <0.3 eV, and corrector alignment to minimize C s to obtain a resolution better than 0.12 nm.
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